We present long-slit 7.5-13.5 mm spectra of WL 16, a Herbig Ae star in the r Ophiuchi dark cloud that is surrounded by a ∼1000 AU diameter infrared-emitting nebula. Mid-IR emission features are detected in every region of the nebula from center to edge, and the underlying continuum color temperature is approximately 10 times hotter than would be expected from large grains in thermal equilibrium. The 7.7 and 8.6 mm features decrease in intensity more rapidly with distance from the central star than the 11.3 and 12.7 mm features, suggesting that PAH ionization effects proposed to explain similar spectral variations in other ISM sources may be important in WL 16 as well.
INTRODUCTION
WL 16 is a Young Stellar Object (YSO) located in the r Ophiuchi dark cloud. First detected by Wilking & Lada (1983) , WL 16 is classified as a Herbig Ae star that is surrounded by a CO bandhead emitting accretion disk and a 650 AU radius mid-infrared emitting region (Carr 1989 ; Thompson & Jannuzi 1989; Carr et al. 1993; Deutsch et al. 1995) . Its observed bolometric luminosity of 22 L , (Wilking, Lada, & Young 1989) is consistent with a ZAMS A4 star with a surface temperature of 8630 K and a radius of cm 1.17 # 10 nuzi 1989). Because there is an estimated mag to the A ϭ 20 V source (Carr et al. 1993; Najita et al. 1996) , WL 16 cannot be detected at visual wavelengths, unlike many Herbig Ae/Be stars. Tokunaga et al. (1991) and Hanner, Tokunaga, & Geballe (1992) have detected in WL 16 strong infrared emission features at 3.3, 7.7, 8.6, 11.25, and 12 .7 mm. A leading candidate for the carriers of these features is the family of polycyclic aromatic hydrocarbon molecules (PAHs; e.g., Allamandola 1987; Allamandola et al. 1995; Roelfsema et al. 1996) . PAHs are made up of coplanar carbon rings that absorb UV photons and radiate in the infrared. The vibrational mode of each molecule is determined by the symmetry of all of its bonds, and each bond's vibration modes are associated with one or more of the IR emission features. For example, the 7.7 mm feature is due to the C-C in-plane stretch, the 8.6 mm feature is due to the C-H in-plane bend, and the 11.3, 12.7, and 13.5 mm features are due to the C-H out-of-plane bend. Recent theoretical and laboratory investigations have identified the effects of hydrogenation and ionization on the relative strengths of these features (Schutte, Tielens, & Allamandola 1993; Szczepanski & Vala 1993a , 1993b De Frees et al. 1993 ) and have allowed observations of infrared emission features in the Orion Nebula (Bregman et al. 1989 (Bregman et al. , 1994 Bregman & Harker 1995) , NGC 1333 (Joblin et al. 1996a) , and the Red Rectangle (Sloan, Grasdalen, & LeVan 1993) to be interpreted in terms of the PAH chemistry and excitation conditions present in each source. In this work we present spatially resolved 7.5-13 mm spectra of WL 16's extended nebula that reveal variations in its infrared emission features with distance from the central source.
OBSERVATIONS AND DATA REDUCTION
We observed WL 16 on 1997 March 24 and 28 using SpectroCam-10, the Cornell-built 8-13 mm spectrograph/camera (Hayward et al. 1993) , on the 5 m Hale telescope at Palomar Observatory.
1 SpectroCam's detector is a Rockwell 128 # Si:As Blocked Impurity Band array with 75 mm pixels that 128 subtend 0Љ .256 on the sky in camera mode. We imaged WL 16 at 11.7 mm and took 7.5-13.5 mm spectra through a 2 # slit, which provided . We chopped and nod-16 R ϭ l/Dl ≈ 50 ded 20Љ N-S in beam-switching mode. The image was fluxcalibrated against a Boo using typical air mass correction factors. Calibration spectra of the standard star g Aql were also taken at nearly the same time and air mass as the WL 16 spectra.
We mosaicked the 11.7 mm images to ‫3/1ע‬ pixel (0Љ .0853) accuracy using a custom software package written in the Interactive Data Language (IDL). The total on-source integration time was 60 s. The completed image (Fig. 1) clearly shows the extended, oval-shaped nebula seen by Deutsch et al. (1995) , with an unresolved central peak. The bottom image in Figure  1 shows the placement of the 2Љ wide slit through the long axis of the nebula for the spectral observations. The spectra were taken in four overlapping segments: 7.5-8.5 mm (343 s onsource integration time), 7.5-11.5 mm (617 s), 9.1-12.1 mm (360 s), and 10.7-13.7 mm (582 s), which were registered and wavelength-calibrated using the 9.49 and 11.73 mm telluric features for reference points. The spectra were flux-calibrated using archival SpectroCam-10 ratio spectra of g Aql versus a Lyr together with the absolute a Lyr model from Cohen et al. (1992) . We then combined the segments to form a two-dimensional (one spectral and one spatial dimension) 7.5-13.5 mm spectral image of WL 16 along the cross section shown in Figure 1 .
ANALYSIS
Figure 2a displays seven spectra extracted from the calibrated two-dimensional spectral image. The curves represent the flux densities within the seven zones shown in Figure 1 . The zones cover 0Љ .0-0Љ .5, 0Љ .5-1Љ .5, 1Љ .5-3Љ .5, and 3Љ .5-5Љ .5 in each direction from the nebula's center, and the spectral fluxes plotted in Figure 2 are normalized to the area of the central -(a) Low-resolution spectra representing the seven zones outlined in Fig. 1 . Fluxes from the larger outer zones are normalized to the area of the zone at the center. Emission features are seen at 8.6, 11.3, and 12.7 1 # 2 mm, and the rise below 9 mm is the wing of the 7.7 mm feature. (b) Spectra with east and west zones averaged. (c) Zone 1 compared to zone 3 multiplied by 2.1 to equalize the spectra at the peak of the 11.3 mm feature. Note the overall difference in slope of the emission at the two positions.
zone. At each distance, the spectra on the east and west sides of the nebula are nearly identical in shape, and they are also very close in absolute flux except for the outermost zones 4E and 4W. Therefore, we averaged the east and west zones to produce the higher signal-to-noise curves plotted in Figure 2b . These spectra reveal that the IR emission features at 7.7, 8.6, 11.3, and 12.7 mm are present from the center of WL 16 all the way to the detectable edge of the nebula. Figure 2b reveals a significant change in the overall slope of the 8-13 mm spectrum from the center to the edge of the WL 16 cloud. To emphasize the variation, the zone 3 spectrum multiplied by 2.1 is plotted against the zone 1 curve in Figure  2c . With this scaling, the two spectra match at the 11.3 mm feature, but the zone 3 spectrum falls to about 55% of the zone 1 flux at the short end. This does not appear to be due to variable extinction across the face of the WL 16 disk because no change in the 9.7 mm silicate absorption feature is evident. Therefore, the spectral variation appears to be intrinsic to the WL 16 nebula.
The IR flux from WL 16 arises from a continuum emission source as well as the IR emission feature carriers. The 1-5 mm region contains strong thermal continuum emission that follows a K blackbody, while significant emission at T ∼ 900 l 1 20 mm arises from a population of cooler grains (see Fig. 3 from Hanner et al. 1992 ). At short wavelengths WL 16 is not spatially resolved, so the hot grains must be close to the star, while the cool grains are presumably at larger distances. We removed the emission of these grains from our spectra by first correcting for 20 mag visual extinction (Carr 1993 ; note that the main ergs cm Ϫ2 s Ϫ1 (Habing 1968 ).
Ϫ3
G ϭ 1.6 # 10 0 effect of this correction is to remove the broad silicate absorption centered at 9.7 mm), then subtracting a blackbody function with a different temperature for each zone. Although these manipulations are very simple, the corrected spectra are now essentially identical in shape between 9.5 and 13 mm (Fig.  3) . The color temperatures of the subtracted blackbodies range from 600 to 270 K, much higher than expected for blackbody grains comparable in size to the observed wavelength (∼10 mm) that are heated by the central star's radiation field (Fig.  4) . However, the temperatures do decline as r Ϫ0.5 , where r is the radius from the central source to each zone, as expected for grains heated by the star. Similar large temperature excesses that are observed in the near-infrared emission of diffuse reflection nebulae are attributed to nonequilibrium heating of very small (!100 molecule) grains by UV photons (Sellgren 1984) , but viscous heating effects typically invoked for circumstellar disk sources may also contribute to the elevated temperature.
The continuum-subtracted IR emission features exhibit several interesting differences between the central and outer zones of WL 16. Most obvious is a large variation in the 7.7 and 8.6 mm feature intensities relative to the 11.3 mm feature. The shape of the 11.3 mm feature also varies noticeably, losing the shortwavelength shoulder and shifting to longer wavelengths with increasing distance. These changes are similar to emission feature variations previously observed in other nebulae (see, e.g., Joblin et al. 1996b) .
The [8.6]/[11.3] ratio is an important diagnostic of PAH molecule ionization (see, e.g., Joblin et al. 1996a) . To determine the intensities of the 8.6, 11.3, and 12.7 mm features, we integrated the spectra shown in Figure 3 over 8.2-9 .1, 10.7-11.7, and 12.25-13.0 mm after subtracting a continuum curve inter- (Kurucz 1979 ) from 6 to 13.6 eV. The [8.6]/ [11.3] ratio versus G is displayed in Figure 5 along with similar data for NGC 1333 (Joblin et al. 1996a (Joblin et al. , 1996b ) and the Red Rectangle (Sloan et al. 1993 ). The G-values for the Red Rectangle were calculated using a K, Kurucz T ϭ 10,000 g ϭ 4.0 atmosphere (Cohen et al. 1975; Joblin et al. 1996a ) for the illuminating star HD 44179. Figure 5 shows that the UV intensity in the infrared emission feature zone of WL 16 is similar to that in NGC 1333, but lower than in the Red Rectangle. Note that possible extinction effects within all sources would tend to decrease G at any given distance. Although the central star of WL 16 is much cooler and less luminous than the exciting stars of the other two nebulae, the size scale of the WL 16 nebula, and therefore the geometrical dilution of the starlight, is correspondingly smaller, producing the right conditions for PAH excitation.
The [8.6]/[11.3] intensity ratio declines with increasing distance from the central source of WL 16 just as observed in the Red Rectangle and NGC 1333. Even in the continuum-subtracted spectra, however, a large decline in the flux underlying the 8.6 mm feature is also visible from the center of the nebula to the edge. This flux is from the wing of the 7.7 mm feature. Joblin et al. (1996b) attributes the [8.6]/[11.3] variation to increasing ionization of PAH molecules closer to the exciting source, a change that is expected to increase the flux of both the 7.7 and 8.6 mm features relative to the 11.3 mm feature. Therefore, the variations we observe in WL 16 could also be interpreted as variations in ionization of the PAH molecules.
The variations we observe in WL 16, however, are more pronounced than in NGC 1333, and the 7.7 and 8.6 mm features are much stronger relative to the 11.3 mm feature than in NGC 1333. The PAH emission modeling by Shutte et al. (1993) ratio should be relatively unaffected because the silicate absorption is about equal at these two wavelengths. Without more detailed observations and a more precise theoretical understanding of the emission of PAH molecules in the soft UV environment of WL 16, it is difficult to interpret the observed spectra more precisely.
Obtaining spatially resolved spectra of WL 16 at key wavelengths such as 3.3 and 7.7 mm would give a more complete set of data for the interpretation of PAH size and degree of ionization and hydrogenation. Spatially resolved measurements of the thermal infrared continuum at mm would help l ϭ 20 to constrain models of the nebula so that the emission feature spectra could be properly extracted. Such observations will be made possible by the new generation of large ground-based and airborne facilities.
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